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Objective: To quantitatively describe the temporal changes in elastic properties and wall dimensions in lower-extremity
vein grafts after implantation.
Design of study: This is a prospective study of patients (N  38) undergoing lower extremity bypass grafts (N  41) with
autologous veins. Pulse wave velocity (PWV), luminal diameter, and wall thickness measurements were obtained by
duplex ultrasound scan intraoperatively and at 1, 3, and 6 months postoperatively for assessment of graft dimensions and
wall stiffness.
Results: Lower extremity vein grafts showed an increase in PWV (from 16  1 to 21  3 cm/s; mean  SEM; P  .08),
reflecting an increase in wall stiffness (from 1.2  0.2 to 2.5  0.7  106 dynes/cm; P  .02) and wall thickness (from
0.47  0.03 to 0.61  0.004 mm; P  .04) over the first 6 months after implantation. Changes in lumen diameter were
positively correlated with changes in external graft diameter (P < .01) and negatively correlated with initial lumen
diameter (P < .01) but not with changes in the wall thickness.
Conclusions: These results suggest complex remodeling of vein grafts during the first several months after implantation,
with increased wall thickness occurring independent of variable changes in lumen diameter. Simultaneously, a marked
increase in wall stiffness over this interval suggests a likely role for collagen deposition. (J Vasc Surg 2004;39:547-55.)
Vein bypass grafting is an effective and durable treat-
ment for many patients with atherosclerotic occlusive dis-
eases of the coronary and peripheral circulations. Approxi-
mately 400,000 coronary and 100,000 lower-extremity
bypass grafts are performed annually in the United States.
In the lower extremity, vein graft failure occurs in 30% to
40% of cases at 5 years, and more than 50% of coronary
grafts fail within 10 years,1 leading to significant morbidity
and mortality. Vein grafts adapting to the arterial hemody-
namic environment undergo wall thickening, with a con-
comitant reduction in wall tension. A neointima develops,
composed primarily of smooth muscle cells (SMCs) and
matrix. When excessive, this proliferative response can re-
sult in luminal narrowing and can also form a substrate for
subsequent atherosclerosis within the graft. However, the
view of vein graft stenosis as an exaggerated form of this
adaptation process remains to be proven and, by analogy to
postangioplasty arterial remodeling,2-5 might be an over-
simplification.
Recurrent narrowing after arterial angioplasty is a com-
plex phenomenon related to a combination of constrictive
remodeling (“shrinkage”) as well as neointimal formation.
Adventitial fibrosis and collagen deposition have been
linked to constrictive remodeling in arteries.6-9 In contrast,
little is known about vein graft remodeling and its potential
contribution to graft failure. Although animal models have
been useful for studying some of the postimplantation
events in vein grafts,10-16 the structural and mechanical
properties of these grafts, as well as the hemodynamic
environments in which they are placed, differ greatly from
human saphenous vein grafts. Characterization of the ad-
aptation of human vein grafts has been limited primarily to
pathologic data from autopsies or excised lesions.17-22 One
study23 documented serial changes in lumen diameter in
lower extremity vein grafts with the use of ultrasound
scanning and found a strong correlation with shear stress. A
more complete characterization of the remodeling process
in human vein grafts requires accurate, serial, noninvasive
measurements of wall dimensions, hemodynamics, and bio-
mechanical properties.
Pulse wave velocity, the speed at which the flow pulse
propagates through a conduit, is one measure of the elas-
ticity of a vessel that is relatively independent of the graft
outflow and is integrated over the entire length of the
graft.24-26 The Young modulus of elasticity (E) of an elastic
vessel increases as the vessel becomes more stiff and less
deformable and can be calculated from the pulse wave
velocity (PWV), radius (r), and wall thickness (h). Changes
in wall stiffness accompanying the development of fibrosis
around the graft will be reflected in these measurements,
which can be obtained noninvasively.
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We hypothesize that adventitial remodeling and colla-
gen deposition are important determinants of final lumen
size in the healing vein bypass graft and, by extension, that
constrictive remodeling can play a role in vein graft failure.
This prospective study was undertaken to quantitatively
describe changes in elastic and dimensional properties of
lower extremity vein grafts after implantation.
METHODS
Study protocol. A prospective longitudinal study was
conducted in patients (N 38) undergoing lower extrem-
ity bypass grafts (N  41) with autogenous vein. The
experimental protocol and informed consent were ap-
proved by the Brigham and Women’s Hospital Institu-
tional Review Board. Duplex ultrasound scan imaging was
used to measure wall dimensions, flow profiles, and PWV in
vein grafts. All graft measurements were obtained in func-
tioning bypass grafts; those grafts that developed lesions
necessitating intervention were subsequently excluded
from further study. Graft measurements were conducted
intraoperatively (n  40 scans) and at 1 (n  27), 3 (n 
28), and 6 (n  17) months postoperatively. In total, 21
grafts were measured at two time points, 11 were measured
at three time points, and 9 were measured at four time
points. All imaging studies were performed by a research
assistant (J.J., I.A.). A subset of the images (9%) was
independently measured by a physician with RVT (regis-
tered vascular technologist) certification (M.G.H.) to as-
sess interobserver variability and quality control.
Imaging methods. An ATL HDI 3000 scanner (7- or
10-MHz transducer) was used for graft imaging. At the
time of surgery, after the graft was attached and blood flow
was established, a straight, valveless segment of the graft
away from the anastomoses was selected as a reference
segment. The distance between this segment and the prox-
imal anastomosis and another landmark (eg, the tibial
tubercle) was noted. Diameter and wall thickness measure-
ments were made using M-mode images of a cross-
sectional view of the graft, which allowed measurements of
both diastolic and systolic diameters. Graft imaging was
performed at the proximal end (distal to the proximal
anastomosis), the distal end (proximal to the distal anasto-
mosis), and at five sequential 1-cm increments over the
reference segment. The flow waveform was imaged both
Fig 1. A, M-mode ultrasound scan image of graft cross-section used for dimensional measurements.
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proximally and distally on the same screen as the electro-
cardiogram (EKG). The graft length and systemic blood
pressures (radial arterial line) were recorded.
At postoperative follow-up visits, diameter and wall
thickness measurements were made in a similar fashion by
using M-mode images of a cross-sectional view of the graft,
at the proximal end, the distal end, and at five 1-cm
increments over the reference segment. The flow waveform
was imaged both proximally and distally on the same screen
as the EKG. The length between the proximal and distal
sites was measured with the use of a tape measurer (accu-
racy of 0.5 cm) and recorded. Graft occlusion pressure was
measured by using a thigh cuff while observing the Doppler
flow pulse scan immediately downstream by using duplex
ultrasound scanning. The graft systolic pressure was de-
fined as the minimum pressure that resulted in no detect-
able flow, and the graft diastolic pressure was defined as the
maximum pressure that did not result in a visually detect-
able change in the flow waveform.
Both systolic and diastolic lumen diameter were mea-
sured off the M-mode images (Fig 1, A) by using internal
ATL ultrasound scan software or National Institutes of
Health (NIH) ImageJ version 1.3.1. External graft diame-
ter was measured off M-mode images only when a clear
sonographic reflection was evident to the sonographer
(66% of studies). Wall thickness was computed as half the
difference between the internal and external diameters. The
reported diameters are averages of five measurements of the
diastolic graft diameter taken at 1-cm intervals over the
reference segment. Systolic luminal diameters, used to cal-
culate the systolic wall tension, were measured in the same
way. Peak and average center-stream velocities were mea-
sured by using Doppler ultrasound scanning and averaged
over at least five flow pulses.
The superficial femoral arteries of healthy volunteers (N
 8) were imaged in an identical fashion, with measure-
ments of PWV, lumen diameter, and wall thickness made
for comparison to the arterialized vein grafts.
PWV measurement. To calculate PWV, the bypass
graft was imaged just distal to the proximal anastomosis and
just proximal to the distal anastomosis, and a Doppler scan
velocity waveform was obtained. The time delay between
the internal ultrasound scan EKG trigger (automatically
inserted at the peak of the QRS complex) and the start of
Fig 1 (continued). B, Duplex Doppler ultrasound scan image of graft used for PWV measurement.
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the velocity waveform was measured with the velocity and
EKG traces simultaneously displayed. PWV was calculated
as the distance between the proximal and distal measure-
ment locations divided by the difference of the trigger-to-
flow delays. At least 10 flow pulses were measured and
averaged at each location for this calculation (Fig 1, B).
Calculations. Equation 1 was used to calculate the
wall tension (),27 and the Moens-Koerteweg formula 2
was used to calculate the elastic modulus (E).26 Increases in
E imply a greater resistance to deformation of the wall.
(R)  2P(reri)2/(r e2  r i2) R2 (1)
E  2r i(PWV)2/(re  ri) (2)
thickness (h)  re  ri (3)
Where P  pressure, re  external radius, ri  lumen
radius, R  midwall radius,   density of blood (1.050
g/cm3).28 The pressure used is either diastolic or systolic
specified by the wall tension computed. The following
rearrangement of equation 2 gives a measure of E  h, or
stiffness.
E  h  2r i(PWV)2 (4)
This value is obtainable in grafts in which the outer wall
could not be imaged (and, therefore, wall thickness is
unknown) and can be thought of as the force needed per
unit length divided by the resulting strain.
The pressure-strain modulus [PSM  (Psys  Pdias)/
(rsys/rdias  1)] represents an alternative measure of local
vessel wall compliance (change in pressure over strain) that
can be computed from lumen diameter measurements at
discrete locations in the graft.34 PSM is related to the
Young modulus E by the ratio of the graft radius to wall
thickness (PSM  Eh/R).
Statistics. Graft patency was calculated by the life-
table method, with standard errors calculated by the Green-
wood method. For analysis of trends in individual variables
over time, a repeated measures analysis of variance with
autoregressive covariance structure of period 1 was used.
The type 3 F test P value is reported with a significance
level of .05. Comparisons between individual time points
were made using paired t tests. Correlations were made
with a standard linear regression and the P value of the
correlation and the R2 value are reported. Repeatability and
reproducibility analyses are made by comparing the stan-
dard deviation of the population with the standard devia-
tion between measurements and between observers who
are blinded to the previous measurement results. Interob-
server and intraobserver standard deviations less than 10%
of the population standard deviation are considered adequate.
RESULTS
The subjects in this study had a median age of 65 years
(range, 38-85 years). Thirty grafts were in male subjects
(73%) and 11 were in female subjects (27%). Twenty-five
(61%) grafts were performed in patients with diabetes, 16
(39%) in smokers, 32 (78%) in subjects with hypertension,
and 17 (41%) in subjects with coronary artery disease. The
vein graft followed in this study was the primary bypass
graft in 37 limbs (90%) and the secondary bypass graft
(redo of a previous bypass graft) in 4 (10%). The indications
for the bypass graft surgeries were claudication (22%), limb
salvage (73%), and popliteal aneurysm repair (5%). The
30-day operative mortality rate was 0%. By life-table analy-
sis, primary graft patency at 2 years was 70% and secondary
patency at 2 years was 84%.
Anastomotic sites are summarized in Table I. The
conduits used included nonreversed greater saphenous vein
(34%), reversed greater saphenous vein (20%), spliced vein
(22%), arm vein in one case (2.4%), and lesser saphenous
vein in two cases (4.8%). In 10 patients (24%), in situ
greater saphenous vein (GSV) grafts were used with a
limited incision approach with blind valvulotomy as re-
ported previously by our group.29 Three patients had bilat-
eral grafts, which were both included in the study and
analyzed as independent data points. Pooled results from all
41 grafts studied are presented in Table II. All results are
presented as mean  SEM.
Pulse wave velocity and wall stiffness. In the overall
cohort of grafts, PWV tended to increase over time (P 
.08, analysis of variance [ANOVA]; Fig 2; Table II). Wall
stiffness (E  h) doubled, from 1.2  0.2 Mdynes/cm at
surgery to 2.5 0.7 Mdynes/cm at 6 months after surgery
(P .02, ANOVA). A subgroup analysis of grafts (N 12)
that were measured at both 1 and 6 months suggests that
the greatest interval change in PWV occurred between
these time points (16  2 m/s at 1 month to 23  3 m/s
at 6 months). In this same subgroup, stiffness correspond-
ingly increased from 1.3  0.3 Mdynes/cm to 2.7  0.9
Mdynes/cm (P .058, paired t test) over this interval.
The elastic modulus (E), calculated for those grafts in
which wall thickness was measured (see below), showed a
similar trend of increase in the overall study population
from 19 3 Mdynes/cm2 at surgery to 42 15 Mdynes/
cm2 at 6 months after surgery, (P  NS, ANOVA). The
largest apparent change in E occurred between 1 and 3
months postoperatively, when the average elastic modulus
increased by 85% (P  NS) (Fig 3).
No significant difference was seen in PWV, E or E h,
or the temporal changes in these variables, between grafts
of different types (reversed versus nonreversed GSV and
GSV versus composite vein, arm vein or minimally invasive
Table I. Inflow and outflow sites for all bypass grafts in




Common femoral artery 26 (63.4)
Superficial femoral artery 9 (22.0)
Profunda femoral artery 1 (2.4)
Popliteal artery 5 (12.2)
Outflow sites
Popliteal artery 11 (26.8)
Tibial artery 30 (73.2)
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in situ bypass grafts) or between grafts that remained con-
tinuously patent versus primary failure at any time point.
Small sample sizes and limited number of observations
precluded meaningful comparison between these subsets of
grafts. PWV in vein grafts measured at 6 months after
bypass graft was significantly greater (21 3 m/s versus 13
 1 m/s) than the PWV measured in the superficial femoral
arteries of healthy volunteers (P  .05).
We analyzed the relationship between locally measured
wall stiffness values (PSM  R) at discrete sites within the
reference segment of the graft and overall graft stiffness as
calculated by PWV measurements, and we found a poor
correlation (R2  0.005).
Luminal size. The change in lumen diameter for indi-
vidual grafts (n  26) from surgery to 3 months after
surgery was negatively correlated with the initial lumen
diameter, demonstrating a remodeling process in the grafts
(R2  0.37; P  .001; Fig 4). Similar to the findings
reported by Fillinger et al,23 we found that large grafts
(diameters 0.375 cm) decreased their diameters by 8%
4%, whereas small grafts (diameters 0.375 cm) increased
their diameters by 26%  13%. These populations were
significantly different (P .05, Wilcoxon ranked sum test).
We examined the relationship between lumen diameter
changes and other variables over time. The change in
lumen size was positively correlated with the change in











PWV, m/s 16  1 17  1 19  2 21  3 13  1*
Lumen diameter, cm 0.38  0.01 0.39  0.02 0.40  0.02 0.42  0.03 0.68  0.03*
E*h, 106 dynes/cm‡ 1.2  0.2 1.3  0.2 1.9  0.4 2.5  0.7 1.7  0.3
Wall thickness,
mm†‡
0.47  0.03 0.64  0.07 0.67  0.07 0.61  0.04 0.87  0.02*
E, 106 dynes/cm2‡ 19  3 23  6 43  16 42  15 20  4
, 106 dynes/cm2‡ 1.5  0.2 1.3  0.2 1.3  0.2 1.3  0.1 1.1  0.3
All values are given as mean  SEM. E, elastic modulus; h, wall thickness; , wall tension.
*The adapted vein grafts, at 6 months after bypass, are significantly different from the SFA of healthy volunteers measured in our study in PWV (P .05),
lumen diameter (P  .001), and wall thickness (P  .05).
†A significant increase in vein graft stiffness (E*h) and thickness over time was observed (P  .05, repeated measures ANOVA).
‡The wall thickness and measurements derived from the wall thickness (E and ) were only reported for grafts in which the outer wall was clearly
discernable (n  24 at surgery, n  14 at 1 month, n  19 at 3 months, and n  15 at 6 months).
Fig 2. The overall population showed an increase in both pulse wave velocity (P .08) and wall stiffness (P .02) over
the first 6 months after bypass graft. Graphed values are presented as the mean  SEM.
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external graft diameter at 3 months (R2  .84; P  .05)
and 6 months (R2  .53; P  .01) but was not correlated
with wall thickness changes.
Wall thickness and wall tension. Wall thickness mea-
surements were obtained in 24 grafts at surgery, 14 grafts at
1 month after surgery, 19 grafts at 3 months after surgery,
and 15 grafts at 6 months after surgery. In the overall study
population, wall thickness significantly increased over time
(P .04, ANOVA; Table II). In a subgroup of grafts (n
12) in which wall thickness was measured at both surgery
and 3 months after surgery, wall thickness increased by an
average of 0.21  0.09 mm over this interval (P  .039,
paired t test). Those grafts (n  7) measured at both
surgery and 6 months after surgery demonstrated an aver-
age growth of 0.28  0.07 mm (P  .007, paired t test).
The mean value for graft systolic wall tension was 1.5
0.2 Mdynes/cm2 at baseline and 1.3 0.1 Mdynes/cm2 at
6 months (PNS). In the same subgroup of grafts (n 7)
with thickness measurements at surgery and 6 months after
surgery, the calculated wall tension decreased from 2.1 
0.7 Mdynes/cm2 to 1.1  0.1 Mdynes/cm2 over this
interval (P  NS, paired t test).
To study the reproducibility of wall thickness measure-
ment, images were reinterpreted and measured in a blinded
fashion. The standard deviation between repeated wall
thickness measurements (meas) was 0.01 mm as compared
with the standard deviation between studies (population) of
0.13 mm (meas/population  8.3%).
DISCUSSION
These studies demonstrate that lower-extremity vein
grafts undergo an active remodeling process during the first
several months after surgery. This process is characterized
by a marked increase in wall stiffness, an increase in wall
thickness with concomitant reduction in wall tension, and
simultaneous changes in lumen diameter that result in
either constriction or enlargement. Significant variability in
all of these measures was noted in the study cohort and even
within a more clinically homogeneous group of subjects
with single-segment GSV grafts.
To our knowledge, this is the first study to report serial
changes in wall stiffness in lower extremity vein grafts. A
potential relationship between biomechanical changes and
geometric remodeling of vein grafts remains speculative
and is the subject of ongoing research. PWV measurement
is simple, noninvasive, and reproducible, and it provides an
overall measure of conduit stiffness independent of other
external factors. It has been used extensively for longitudi-
Fig 3. Elastic modulus (E) in the overall cohort of vein grafts. The maximal observed change was between 1 and 3
months after surgery (P  NS). Graphed values are presented as the mean  SEM.
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nal studies of wall stiffness changes in the carotid and other
peripheral arteries.30-32 An important limitation of the
technique used is the time resolution of the pulse wave
delay. The ultrasound scanning equipment used for this
study has a resolution of 5 ms in both the flow velocities and
EKG voltages recorded. Furthermore, the manual tech-
nique used to estimate the start of the flow pulse also could
not distinguish time delays 5-ms intervals. Accuracy is
thus related in part to the length of the graft, with shorter
grafts and faster PWV being more prone to errors in mea-
surement. In this study, we reported the average of at least
10 measurements of each time delay to improve our accu-
racy for this value. The time resolution could be improved
with specialized data collection software that records data
at higher frequencies and automatically analyzes the slope
of the flow pulse and diastolic flow to more accurately
estimate the arrival of the pulse wave. The technique also
clearly does not allow for the assessment of local changes in
elastic properties along the course of the graft. Further-
more, because the PWV is so variable among a heteroge-
neous group of grafts, a pooled analysis can fail to discrim-
inate significant changes over time. Further studies in a
larger longitudinal cohort of patients are needed to better
discriminate temporal changes in PWV after bypass graft
surgery, as well as the potential influences of conduit type,
configuration, and other variables.
The Moens-Koerteweg equation (equation 2), which
relates PWV to elastic modulus, is valid for a thin-walled,
homogeneous tube with a constant diameter and purely
elastic behavior. Studies have shown that veins and arteries
do have some viscous behavior, and the observed elastic
modulus, and thus the PWV, will depend on the frequency
of the pulse wave. Our calculations of elasticity are, there-
fore, valid only for the subject heart rate at the time of
measurement. Furthermore, we have observed that grafts
using the saphenous vein can taper significantly over the
length of the graft and that hyperplasia and other forms of
significant graft remodeling tend to occur in isolated seg-
ments of the graft and could be asymmetrically distributed
on cross-section. It is important to recognize that calcula-
tions of elastic modulus on the basis of PWV do not
represent one modulus for any exact portion of the graft,
but rather an integrated value for the graft in its entirety.
Other techniques (eg, PSM) for estimating local graft
compliance at a specific site would be prone to spatial
variation over the length of an individual graft. As such, the
poor correlation that we observed between PSM and over-
all stiffness (measured by PWV) was not surprising. Clinical
observations confirm that graft remodeling can vary con-
siderably over the length of a graft and stenosis is often a
localized occurrence. Lye et al34 also noted no significant
correlation between the age of femoropopliteal bypass
grafts and measurements of PSM.
Measurement of changes in luminal diameter in lower-
extremity vein grafts had been previously reported by Fill-
inger et al. Our data is similar in noting the divergent
remodeling pattern of small versus large veins after arteri-
alization. It also contrasts markedly with our prior report of
Fig 4. The percentage of change in lumen diameter in the overall cohort over the first 3 months after implantation
shows a negative correlation with the initial lumen diameter (n  26; R2  .37; P  .001). Large grafts (diameter 
0.375 cm) increased their diameters by 8% 4%, whereas small grafts (diameters 0.375 cm) increased their diameters
by 26%  13%. These populations were significantly different (P  .05).
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progressive enlargement of vein grafts placed for popliteal
aneurysm as opposed to occlusive disease,33 further proof
of the complexity of the remodeling process in arterialized
veins. Furthermore, the change in wall thickness did not
correlate with the change in lumen diameter, indicating
that wall growth does not always result in a reduction in the
size of the lumen. Measurement of external diameter and
wall thickness in vein grafts is important to fully character-
ize the remodeling response but is limited by imaging
resolution. The outer wall did not have a clear sonographic
reflection in 34% of the images analyzed, and, in the images
that did have a clear reflection, the standard deviation of the
wall measurement was 0.01 cm, or about 20% of the
average total wall thickness. Further, we are unable to
provide any ex vivo validation of the measurements ob-
tained in these functioning grafts. Preliminary studies of
imaging bypass grafts using magnetic resonance imaging
(MRI) suggest that MRI techniques could be more accu-
rate and repeatable for imaging the outer wall. This is the
subject of ongoing studies.
We used a composite wall model to attempt to predict
the changes in material content that might explain the
observed increase in graft wall stiffness during the initial 6
months after surgery. Collagen is the only major compo-
nent of the graft wall with an elastic modulus substantially
greater (1000-fold) than that of the original wall.35 With
the use of referenced values for the elastic modulus of
collagen (109 dynes/cm) and a lumped modulus term to
account for all other wall components such as elastin,
proteoglycans, and cells (3  106 dynes/cm), we can
explain the observed changes in graft stiffness (from 1.2 to
2.5  106 dynes/cm2) with an 117% increase in collagen
area (from 2.2% to 3.2% of total wall area) and a 44%
increase in area of other tissue components. If the elastic
modulus of the graft wall did not change, the wall thickness
would need to double to account for the increase in stiff-
ness observed over the first 6 months after bypass graft. Our
wall thickness measurements, although limited by the ul-
trasound scanning techniques as noted, revealed a more
modest increase (30% in pooled data) over this time period.
These findings strongly suggest an increase in collagen
content of the graft wall during the first 6 months after
implantation. It is noteworthy that, although arterialized
veins ultimately attain a wall tension that is similar to that of
the superficial femoral artery, the biomechanical stabiliza-
tion of the wall is distinctly different with a notably greater
stiffness of the vein graft at 6 months as compared with the
artery. The paucity of elastin in venous as opposed to
arterial autografts likely accounts for these altered mechan-
ical properties and could have implications for differences in
remodeling as well.
This report summarizes our initial attempts at charac-
terizing the remodeling process of lower extremity vein
grafts with serial noninvasive imaging and biomechanical
measurements. Further studies are needed to more accu-
rately quantitate changes in wall dimensions and elastic
properties over time, as well as the determinants of final
lumen size. Alternative noninvasive imaging approaches are
needed to analyze wall thickness changes. Other tech-
niques, such as tonometry, might be able to provide a more
detailed description of local changes in elasticity along the
course of a graft, including sites such as valves and anasto-
moses that are prone to lesions. These studies could help to
delineate the range of biomechanical adaptation along an
individual graft over time. Ultimately, larger cohorts will
need to be studied to begin to characterize the remodeling
properties of grafts that ultimately fail versus those that
achieve biomechanical stabilization and long-term patency.
CONCLUSION
Lower extremity vein grafts undergo active remodel-
ing during the first 6 months after surgery. During this
remodeling, the elastic modulus of the wall increases and
the lumen expands or constricts, partially depending on the
initial lumen diameter and independent of the wall area.
Further studies are required to examine the potential rela-
tionships between elasticity changes, matrix composition,
and graft dimensions in healing bypass grafts.
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